The E 1 ⌸, vϭ1 state of carbon monoxide is studied in high resolution using a tunable and narrowband laser source in the vacuum ultraviolet near 105 nm. Calibration with respect to a reference standard consisting of iodine lines in the visible range, measured by saturated absorption spectroscopy, yields an absolute accuracy of 0.003 cm Ϫ1 for the CO resonances. O͒ and improved molecular constants derived. Natural lifetime broadening, caused by predissociation was investigated quantitatively for single rotational and (e) -( f ) parity levels. The accidental predissociation phenomena, giving rise to line shifts and broadening, could be explained up to the experimental accuracy in a model based on spinorbit-coupling between E 1 ⌸, vϭ1 and k 3 ⌸, vϭ6 states, with a coupling constant of H E,k ϭ1.88Ϯ0.01 cm Ϫ1 for all six isotopomers. The overall line broadening parameter ⌫ E for the E state, ascribed to interaction with a repulsive 1 ⌸ state, and ⌫ k for the k state, were determined as well; the predissociation rates were found to decrease with increasing reduced mass of the isotopomers for both E 1 ⌸, vϭ1 and k 3 ⌸, vϭ6 states.
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I. INTRODUCTION
The predissociation properties of the E 1 ⌸, vϭ1 state of carbon monoxide provide, from the molecular physics perspective, an interesting case of an accidental resonance that calls for detailed spectroscopic investigations. From the astrophysics perspective this state plays an important role in the photodissociation induced isotopic fractionation in the interstellar medium. Photodissociation of CO occurs in the wavelength range 90-115 nm. An important result of medium resolution synchrotron studies 1 and subsequent rotationally resolved studies using a classical spectrograph 2 was that photodissociation occurs primarily through bound states of the molecule rather than via a dissociative continuum; predissociation is the general rule for CO. The states lying energetically above the E 1 ⌸, vϭ1 state are know to predissociate with a yield exceeding 99%, whereas the C 1 ⌺ ϩ , v ϭ0 state and the states below do not at all contribute to dissociation. For the states in between, the (3p)E 1 ⌸, v ϭ0 and 1, and the (3p)C 1 ⌺ ϩ , vϭ1 state a competition between radiative and dissociative decay prevails with somewhat comparable rates. Since the predissociation yield will depend, more or less, on the isotopic constitution of the molecule these three vibronic levels will cause isotopic fractionation upon irradiation with vacuum ultraviolet ͑VUV͒ light. This issue was addressed in calculations of the photodecomposition and chemistry of CO in the interstellar environment, including shielding and penetration effects 3 and the E 1 ⌸, vϭ1 state was shown to play a prominent role. Against this background we have undertaken the present study, revealing the molecular parameters governing the predissociation process for all six natural isotopomers of CO. The VUV spectrum of CO, including the E -X system, was first observed by Hopfield and Birge. 4 Later higher resolution studies were performed 5, 6 and an accidental predissociation in the E 1 ⌸, vϭ0 state was found. 7 The same effect of a parity dependent predissociation, restricted to the ͑e͒-component of the Jϭ31 level, was observed in infrared Fourier-transform spectroscopy. 8 The E 1 ⌸ state was also observed via the E -A system by Kepa ͑see Ref. 9 and references therein͒ for various isotopomers; however, only the E 1 ⌸, vϭ0 state was observed in this emission system. The phenomenon of accidental predissociation was also observed in the vϭ1 level of the E 1 ⌸ state, but now occurring at J ϭ7 for both ͑e͒ and ͑f ͒ parity levels and for both 12 
C
16 O and 13 C 16 O. 2, 10 When lasers entered the field of spectroscopy the E state of CO was reinvestigated, by double resonance excitation 11 and by 2ϩ1 resonance enhanced multiphoton ionization ͑REMPI͒. 12 The accidental predissociation in the E 1 ⌸ state was investigated by Baker et al. 13 Using 2ϩ1 REMPI laser excitation they probed the E -X(0,0) and ͑1,0͒ bands for four isotopomers: 12 
16 O, 13 C 16 O, 12 C 18 O, and 13 C 18 O. They showed that the perturbation is caused by a state of 3 ⌸ symmetry, the same one as was previously observed, but assigned as 3 ⌺ ϩ , by laser excitation combined with electron bombardment.trograph techniques to observe the sequence of vibrational levels. This 3 ⌸ state had previously been observed in an electron scattering experiment resolving an irregular progression of vibrational levels. 17 Before, a bound valence state of 3 ⌸ symmetry was predicted in this energy range from ab initio calculations. 18 Mellinger and Vidal used a doubleresonance laser excitation scheme to probe two vibrational levels of the k 3 ⌸ state. 19 An important contribution to unraveling the structure of the k 3 ⌸ perturber state was made by Berden et al. 20 They discovered that all previous studies had missed the lowest k 3 ⌸, vϭ0 level; in a doubleresonance laser experiment via the metastable a 3 ⌸ intermediate state on 12 
16 O and 13 C
16
O they showed that all measured levels had to be renumbered. The vibrational progression in the k 3 ⌸ state is clearly perturbed near v ϭ5, in the new numbering; some evidence of an interaction with the c 3 ⌸ state was presented. 21 In a previous paper we reported on an investigation of the E 1 ⌸, vϭ0 and 1 states using two techniques, 2ϩ1 REMPI and 1 VUVϩ1 UV photoionization. 22 The spectroscopy of both states was improved and a detailed model for the spin-orbit interaction between the E 1 ⌸ state and the k 3 ⌸ state was presented, based on the concept introduced by Baker et al. 13 Line shifts and effects on the line intensity were used to extract parameters governing the interaction for both 12 C 16 O and 13 C 16 O. The resolution in these studies was limited to 0.3 cm Ϫ1 , thus limiting the accuracy of the analysis of the perturbation. Subsequently a direct lifetime measurement was performed using a picosecond VUV laser employed in a pump-probe technique. 23 By comparing the lifetimes with oscillator strengths from the literature 2, 10, [24] [25] [26] values for the predissociation yield, falling in the range 80%-90%, were deduced. However, in the time-domain study no rotational resolution was obtained; the lifetimes correspond to a certain rotational distribution over the lowest J states.
The present study is another reinvestigation of the E 1 ⌸, vϭ1 state, now with a laser system of sufficiently narrow bandwidth to unravel the predissociation effects of each separate rotational level. The laser system, tested in studies on the helium atom, 27 is applied to record narrow Q-branch lines of the (4p)L 1 ⌸, vϭ0 state of CO. 28 In this paper line broadening effects are monitored for the individual rotational lines in the E -X(1,0) band that allow for a deconvolution of the natural lifetime broadening effect. The predissociation phenomenon in all six natural isotopomers is studied; moreover the high resolution laser allows for the first time an investigation of the Q-branch lines in the E -X(1,0) band.
II. EXPERIMENT
The experimental setup was used before in several spectroscopic studies and described in previous publications. In short it consists of a narrowband tunable pulse-dye amplifier ͑PDA͒, seeded by the output of an argon-ion pumped continuous wave ͑CW͒ ring-dye-laser, delivering wavelength tunable pulses of 5 ns duration and 200 mJ pulse energy. These pulses are frequency doubled in a KD*P-crystal and subsequently frequency tripled in a pulsed jet of xenon gas.
Spectroscopic studies are performed on-line in a differentially pumped vacuum interaction chamber using the technique of 1 VUVϩ1 UV two-photon ionization. Signal is detected by monitoring the ions after mass selection in a short ͑25 cm͒ time-of-flight tube. The setup was used in a study on precision spectroscopy and lifetime measurements of the CO molecule focusing on the Q-branch lines of the L(4p), v ϭ0 state. 28 All details and the experimental procedures are fully described in Refs. 27 and 28. In the following only some relevant details and changes made for the present investigation are mentioned.
For the study of the E 1 ⌸, vϭ1 state the ring-dye laser as well the PDA system were operated on DCM dye to cover the wavelength of 630 nm. For each specific investigation a different nozzle and skimmer geometry is chosen. In the present case a skimmer of 1 mm diameter was taken, somewhat larger than in the study on He, 27 to achieve a higher gas density in the interaction zone. In the present study natural carbon monoxide, containing 1.1% O was not very good, because the abundance of these species in both samples was low. Special attention was given to the spacefocusing conditions and the extraction voltages applied in the interaction zone; these were optimized to obtain as narrow ion signal peaks as possible, so that three gated integrators could be used for on-line registration of the VUV spectra of three different isotopes. A typical recording is displayed in Fig. 1 O. The ion peaks on the time-of-flight axis could not be entirely separated, particularly near the strong lines of the most abundant isotopomers, due to space charge effects occurring on the strong resonances. In Fig. 1 leaking of the strong signal of the strong P(7) line of 13 
C
16 O into the time window of the heavier isotopomers is demonstrated; such artefactual spectral lines in the spectra of masses 30 and 31 are marked with a dashed vertical line. The method of simultaneous measurements helps keep the consumption of enriched gas low and the experiment affordable. During the experiment a compromise was searched between gas density, signal averaging ͑over five laser pulses for 13 C͒ and signal to noise. Effectively some 5 L of enriched gas was used for the entire investigation presented here.
The methods for absolute frequency calibration of the VUV resonances were described previously. 27, 28 A basic assumption is that the exact sixth harmonic of the seed frequency is generated in the chain of amplifiers and frequency converters. The saturated absorption spectrum of molecular iodine is recorded on-line using some 10 mW of the output of the cw ring-dye laser. For the previous study on the L(4p), vϭ0 state of CO the lines in the relevant domain ͑near 590 nm͒ were specifically calibrated in our laboratory; 28 30 Specifically we used the P85 to P97 and R91 to R103 lines of the B -X (7, 3) band and the P92 to P104 and R90 to R109 lines of the B -X(9,4) band of I 2 in our frequency calibrations of the CO resonances. This range also includes the very accurately calibrated lines P96 and R96 in the B -X(9,4) band by Sansonetti. 31 The absolute frequencies of the CO resonances were determined using relative measurements in terms of frequency markers of an actively stabilized etalon with a free-spectral range ͑FSR͒ of 148.9560Ϯ0.0010 MHz. A computerized procedure was used to fit the profiles of the CO resonances and the etalon markers, linearize the frequency scale, and determine the separation in terms of the FSR; for the CO resonances the resulting frequency is multiplied by 6 for the harmonic generation factor. The on-line recorded I 2 -saturation spectrum, in this case of the P102 (9, 4) line, and the etalon fringes are shown in Figs. 1͑d͒ and 1͑e͒ as well. Also shown in Fig. 1 is the recording of the reflection of a low finesse etalon ͑glass plate͒; such oscillatory spectra serve to detect mode hops in the scan of the ring-dye laser. The accuracy in the resulting absolute frequencies of the CO resonances is primarily determined by the relatively large bandwidth of the latter, which is associated with the predissociation phenomenon. The typical accuracy obtained for the lines with sufficient signal to noise is 0.003 cm
Ϫ1
. This value of 0.003 cm Ϫ1 does not include possible systematic effects. The issue of a nonperfect perpendicular alignment of the molecular beam with respect to the VUV and UV light beams, giving rise to a Doppler shift, was addressed. The R(0) line of 12 
C
16 O and the 3p 6 -3p 5 4sЈ͓1/2͔ 1 resonance line of argon at nearly the same wavelength were subjected to a systematic investigation; the velocity in the molecular beam was varied by using pure CO and argon samples and by mixing them with He gas, thereby increasing the average velocity in the pulsed expansion by a known amount. As a result we deduce a systematic Doppler shift of 0.001 cm Ϫ1 toward the blue side in the present study; the resonances were corrected for this shift ͑see also Ref. 32͒. As discussed in Ref. 27 frequency chirp in the dye amplifier will also result in a net shift of the deduced center frequency of the spectral resonances; we did not address this issue in the present study. The absolute line positions may be shifted due to this chirp phenomenon by an amount which is estimated to be less than 0.003 cm Ϫ1 ; however, the frequency separations will not be affected by this phenomenon.
The recorded spectral profiles were fitted to Lorentzian profiles to derive information on the intrinsic molecular line broadening associated with predissociation. In Fig. 2 observed spectra of two nearby lying lines are shown with the fitted Lorentzians and the residuals of the fitting procedure. The frequency scale is derived from interpolation with the markers of the stabilized etalon. The residuals show that there is no systematic deviation from Lorentzian profiles. This statement holds for the relatively broad ͑Ͼ1 GHz͒ resonances, where natural lifetime broadening associated with predissociation is the dominant effect, but also for the narrowest resonances observed for 13 
18 O ͑650 MHz͒ a Lorentzian profile is still a good approximation. The instrument width in the experimental setup is a combined effect of the laser linewidth ͑after harmonic conversion͒ and Doppler effects related to divergence of the VUV beam and the molecular beam. Effects on the linewidth of the strong R(0) line of 12 C 16 O under varying geometrical conditions and gas densities were systematically studied. Collisional effects are absent in the skimmed molecular beam expansion with the interaction zone 30 nozzle diameters ͑0.8 mm͒ away from the beam source. In the chosen geometrical configuration with a nozzle-skimmer distance of 6 cm and a skimmer diameter of 1 mm the laser linewidth is the dominant contribution to the instrument width. The natural line broadening can be deconvoluted from the observed widths by taking the instrument function as a Lorentzian of 300 MHz. This was tested also in an investigation of the 3p 6 -3p 5 4sЈ͓1/2͔ 1 resonance line of argon in the same configuration and at the same wave length of 105 nm. 32 In that case the linewidth was found to be about 450 MHz including the contribution of the Doppler effect. It should be understood that a Gaussian component ͑of about 150-200 MHz͒ related to a Doppler effect does only play a minor role in the deconvolution procedure of broad lines; effectively only the Lorentzian contribution is of importance. Hence the natural line broadening effect was deduced via: ⌫ϭ⌬ obs Ϫ⌬ instr with ⌬ instr ϭ300 MHz. This procedure is certainly valid for the lines exceeding widths of 1 GHz; for the narrower lines the procedure is less accurate.
III. RESULTS AND ANALYSIS
A. Spectroscopy
The spectral data on the observed E -X(1,0) bands are presented as listings of frequency positions in Tables I-VI for the six natural isotopomers of CO. The accuracy of the well-resolved rotational lines with sufficient signal to noise is 0.003 cm Ϫ1 . It is noted that this does not include the additional uncertainty in the absolute frequency due to frequency chirp in the dye amplifiers; a systematic shift of the entire set of spectral data of up to 0.003 cm Ϫ1 is possible. The identification of R and P-branch lines, probing ͑e͒-parity states, is straightforward since these lines follow a progression, even in cases of strong perturbations; there is no case where the order in the rotational progression is reversed. The example of the strongest perturbative effect, near Jϭ7 in the 13 C 16 O isotopomer, probed via the R-branch, is displayed in Fig. 2 .
The assignment of Q-branch lines is more difficult because small perturbations give rise to reshuffling of the order of the rotational lines. Also the information on the ͑f ͒-parity components available from previous studies is less accurate, since the Q-branch lines could not be resolved in one-photon E -X(1,0) bands, while in two-photon excitation the R and P transitions probing ͑f ͒ components are sometimes overlapped with O and S transitions. For this reason we focus on the Q branches in the presentation of the data. In Figs. 3-8 spectral recordings with assignments are shown for the Q branches of the six natural isotopomers of CO. It is for the first time that these spectral structures are resolved; the width of the lines is primarily determined by the natural lifetime broadening effect associated with predissociation. The assignment of Q-branch lines was performed after a full analysis of the more easily resolved ͑e͒-parity states. In principle the rotational structure of the excited states is described separately for the ͑e͒ and ͑f ͒ parity component.
In the analysis of the rotational structure the energy levels of the ground state are expressed with
where the ground state molecular constants B X , D X , and H X are obtained from the accurate infrared work of Guelachvili et al. 33 They have determined the rotational structure for seven isotopomers, including 14 C 16 O and the six natural 
where the rotational constants B and D are taken for ͑e͒ and ͑f ͒ parity components separately. We have assumed a single value for the band origin E for both parities. As discussed previously 13,22 the rotational energy levels of the E 1 ⌸, v ϭ1 excited state are perturbed by the k 3 ⌸ state; since the work of Berden et al. 20 we know that it is the vϭ6 vibrational level which causes the interaction. The k 3 ⌸ state is represented in matrix form k i j on the basis ( 3 ⌸ 2 , 3 ⌸ 1 , 3 ⌸ 0 ) by [34] [35] [36] 
with xϭJ(Jϩ1) and where the ͑Ϫ͒ sign in the last equation is for the ͑e͒ parity levels and the ͑ϩ͒ sign for the ͑f ͒ parity levels. Hence the C k constant represents the effect of ⌳ doubling in the triplet state. Since the k 3 ⌸ state is only observed indirectly some small higher order matrix elements have been neglected. The energy levels of the E 1 ⌸, vϭ1 state, and in the k 3 ⌸, vϭ6 state, in the perturbed situation follow after diagonalization of the matrix: 
for each value of J and for ͑e͒ and ͑f ͒ parity components separately. In the present work we will consider the spinorbit interaction matrix element H E,k , coupling the E 1 ⌸, vϭ1 state to the 3 ⌸ 1 component of the k state, as a fitting parameter. Some aspects of the physical origin are discussed in Ref. 22 . Here it is a J-independent coupling parameter. Since the matrix M (J) is not diagonal also the ⍀ϭ0 and 2 components, on a Hund's case ͑a͒ basis, are affected by the perturbation and, in turn, perturb the E 1 ⌸ state. As was shown in Ref. 22 , the structure of the matrix with the appropriate constants is such that at very low J values the Hund's case ͑a͒ representation is a good approximation, but near J ϭ15 there is a transition to Hund's case ͑b͒; for all J the 3 ⌸ 2 and 3 ⌸ 0 components have some 3 ⌸ 1 character coupling to the E state.
The matrix M (J), with all implicit molecular constants, is included in a least-squares fitting routine, in which the transition frequencies of P, Q, and R lines are calculated from the eigenvalues of the matrix for both parities and the ground state energies. Eigenvalues with dominant E-state character are assigned as E-state levels. Several ingredients are used to find optimum convergence in the description of the data. Based on an initial fit on the ͑e͒ components a calculation of the ͑f ͒ components is performed by keeping the interaction constant H E,k at the same value; throughout the paper H E,k was considered independent of the parity. Also the trend that B E e is some 0.6% larger than B E f is considered; as discussed by Baker et al. 13 the ͑e͒ levels are shifted upward in energy due to an interaction with the C 1 ⌺ ϩ state, a phenomenon of l-uncoupling in a 3p -3p Rydberg complex. Then the Q-branch lines could be readily assigned, except for the ones at a crossing point with one of the three spin-orbit components of the k 3 ⌸ state. Input on the k 3 ⌸ state is required to find a proper assignment and a model for the perturbed regions. If the starting values for the k 3 ⌸ parameters are chosen such that the triplet and singlet levels are in the wrong order convergence will generally not be found, because perturbing energy shifts are very sensitive to the initial values. For the 12 C 16 O isotopomer the energy levels of the k 3 ⌸ perturber are constrained by including 16 lines in the k -X(6,0) band observed by Baker and co-workers 13, 15 and the Q Q(1) and R R(1) lines observed by Berden et al. 20 Also the perturbed line with dominant tripletcharacter in Ref. 22 was included. In the final least-squares fit all data, the ones presently measured by the PDA system, the ones measured previously by 1ϩ1 and by 2ϩ1 REMPI, 22 and the ones pertaining to the k -X(6,0) band were taken as the input set in a simultaneous optimization. These data were weighted with the uncertainties as reported. For the 12 C 16 O isotopomer the 11 parameters for the E 1 ⌸, vϭ1 and k 3 ⌸, vϭ6 states and the interaction matrix element were all varied resulting in the values listed in Table  VII ; in fact a 12th parameter was included allowing for a systematic shift of the 2ϩ1 REMPI data. 22 For the 13 C 16 O isotopomer the five lines of Berden et al. 20 were included as well as the accurately determined frequencies of the P P(8) line ͑see Fig. 1͒ and R R(6) line ͑see Fig. 2͒ . For 13 C 16 O also a large number of frequencies from 1ϩ1 and 2ϩ1 REMPI spectra 22 were available and included. For all other isotopomers the information on the E 1 ⌸, vϭ1 state is less abundant. Only for 13 C 18 O a single perturber line was found, the R R(0) line.
For a proper modeling of the singlet-triplet perturbation, and in view of the sensitivity on the input parameters for the perturber, the molecular constants for k 3 ⌸, vϭ6 of the less abundant species were calculated by isotopic scaling. Molecular parameters were derived via T ϭT e ϩ e ͑ ϩ resonance as indicated by the stick spectrum representing the calculated positions. As a result of the perturbations the Q(7) line is shifted and broadened. Also the order of the Q (8) and Q(9) lines is reversed due to the interaction with the 3 ⌸ 1 component of the k 3 ⌸, vϭ6 state. The same holds for the Q(10) and Q(11) lines. The Q (12) line is strongly shifted due to interaction with the 3 ⌸ 1 component. Apart from a stick spectra calculated spectra are displayed as well in Figs. 3-8͑b͒ , where the linewidths ͑J dependent; see the following͒ are taken into account. Also the reduction of line intensity as a result of the competition between predissociation and ionization in a resonance enhanced two-photon ionization experiment is accounted for in these calculated spectra; the quantitative treatment of intensity loss in a twophoton ionization study caused by predissociation was explained in a previous paper. 22 For the calculated spectrum one additional parameter was adjusted to produce a good match with the observed spectrum; the rotational temperature in the molecular beam. Not in all recorded spectra is the temperature the same since it can be manipulated somewhat by choosing different conditions in the molecular beam expansion.
In Fig. 4 the Q branch of the 12 C
17
O isotopomer shows only two weak and broad features, as a result of the low abundance of this species in the molecular beam. The main feature is the resulting pile of lines Q(1) -Q(5) in the bandhead, while the shifted Q(6) and Q(7) lines produce the second very weak feature as indicated. The strongly perturbed Q(8) line could not be observed, due to low population of Jϭ8 in the beam and the intensity loss resulting from predissociation. Figure 5 shows a recorded Q branch for 12 C 18 O. Here two prominent interactions occur at Jϭ7 and Jϭ9. The Jϭ7 level interacts strongly with the 3 ⌸ 1 component giving rise to a shift of the Q(7) line to the position of Q (14) . The broadened line at 95033.2 cm Ϫ1 gives an indication of the Q(7) line, which is weakened by predissociation. The interaction with the 3 ⌸ 2 component causes the reversing of the order of Q (8) and Q (9) and of the shift of the Q(10) lines. The perturbation at low J values, due to the 3 ⌸ 0 component, causes the shift of the Q(3) line and the gap in the bandhead region. The Q(6) line is shifted toward lower energy, due to interaction with 3 ⌸ 1 , and coincides with Q(1) and Q (2) .
Since the reduced mass of 13 C
16
O does not deviate much from that of 12 C 18 O the interactions take place at similar J values; again the strongest effect occurs at Jϭ7. But in the case of 13 C 16 O the Jϭ7 level with dominant E-state character is shifted toward lower energy. As a result of good signalto-noise ratio Q (7) is well visible as a broadened feature. The perturbation of the Jϭ7 level of the 17 O isotopomer is the first one heavy enough so that the 3 ⌸ 0 component does not cross with the E, vϭ1 state, as shown in Fig. 9 .
For 13 C 18 O the situation is reached that the 3 ⌸ 1 component interacts with the lowest J value in E 1 ⌸, vϭ1. The J ϭ1 levels are shifted toward higher energy, for both ͑e͒ and ͑f ͒ components. Indeed the Q(1) line is largely broadened, due to predissociation and shifted away from all other Q-branch lines. The ͑e͒ parity component of E 1 ⌸, vϭ1, J ϭ1, observed in the R branch, is also shifted upward in energy; its interaction partner, the k 3 ⌸, vϭ6, Jϭ1 ͑e͒ level FIG. 9 . Energy levels of the E 1 ⌸, vϭ1 and k 3 ⌸, vϭ6 states as a function of J for the various isotopomers of CO. Levels are calculated from the molecular constants given in Table VII . On the level of accuracy of this plot differences between ͑e͒ and ͑f ͒ parity are not visible. The singlet-triplet interaction occurs at different values of J for each isotopomer.
is shifted toward lower energy by the same amount and becomes visible as a largely broadened feature indicated with R R(0) in Fig. 8 . In this case of 13 C 18 O all low J values are affected by the interaction with the 3 ⌸ 1 component; all levels in the sequence Jϭ2 -5 are in reversed order, while J ϭ6 is the first to be affected by the 3 ⌸ 2 component and undergoes a downward shift.
The location of the accidental perturbations is illustrated in the plot of the energy levels versus the rotational quantum numbers for all six isotopomers in Fig. 9 . The calculated energy levels of both the E 1 ⌸, vϭ1 and k 3 ⌸, vϭ6 states are displayed, where an average is taken over ͑e͒ and ͑f ͒ parity components; on the scale of Fig. 9 differences between the parity components are not visible. Due to the isotope-dependent vibrational level spacings, the interactions occur at lower rotational levels for the species of higher reduced mass; this effect is clearly visible in the figure.
The transition frequencies, listed in Tables I-VI for the six isotopomers are well represented by the model of the interaction between the 1 ⌸ and 3 ⌸ states. The resulting parameters of Table VII represent the data within the expected uncertainties of 0.003 cm Ϫ1 . The deviations from the fits are in fact below this value, indicating that indeed a precision of 0.003 cm Ϫ1 is reached. In the case of the largest perturbation, the Jϭ7 level for the 13 C 16 O isotopomer, reaching shifts of 1.5 cm Ϫ1 , the interaction model represents the energy levels up to an accuracy of a few 0.001 cm Ϫ1 , even though only a single interaction parameter is invoked.
B. Predissociation
Information on the predissociation behavior in the E 1 ⌸, vϭ1 state can be deduced for each singly resolved rotational quantum level and for both ͑e͒ and ͑f ͒ parities independently. All resolved spectral lines were fitted to Lorentzian line shapes and the linewidths were determined. In Fig. 2 O as a function of J; in fact the natural line broadening ⌫, due to a reduced lifetime as a result of predissociation, is deconvoluted from the observed width by subtracting the value for the instrument width of 300 MHz. The interaction at Jϭ7 is clearly observable, while also Jϭ9 and Jϭ12 have increased widths. These J values correspond to the crossing points of E 1 ⌸, vϭ1 with k 3 ⌸, vϭ6 ͑see Fig. 9͒ . In Fig. 12 a similar picture is shown for the natural line broadening parameters pertaining to both the ͑e͒ and ͑f ͒ components of the 13 C
17
O isotopomer. Resonances at Jϭ5 and Jϭ8 are in accordance with the findings of the spectral analysis and the crossing points in Fig. 9 . In Fig. 13 It is important to note that the lines outside the regions of interaction with the k 3 ⌸, vϭ6 state are intrinsically broadened as well; the interaction with the triplet state causes additional accidental predissociation. The data on line broadening, also for the other three isotopomers not explicitly shown, are included in an analysis similar to the one previously used for the lower resolution data. 22 A quantitative analysis of the predissociation rates pertaining to each rotational quantum level entails diagonalization of the complex matrix:
where the real part is similar to that of the spectroscopic analysis of the line shifts caused by the interaction. This part is kept fixed now for the computation of the predissociation rates by invoking the molecular constants as listed in Table  VII . A decay rate ⌫ k is defined for the perturbing k 3 ⌸, v ϭ6 state and ⌫ E for the decay rate of E 1 ⌸, vϭ1; good convergence in the procedures was found when the values for ⌫ E and ⌫ k were taken independent of (e)/( f ) parity. The entire analysis is performed for each isotopomer independently. So an assumption is made that the predissociation effects on both states are caused by a homogeneous or J-independent interaction with continuum states. the information is too scarce to derive a value for ⌫ k . As is shown in Fig. 2 , for the 13 C 16 O species the two interacting partners of the ͑e͒ parity components were both observed with their respective natural line broadening of 4.0 GHz for R R(6) and 3.6 GHz for R (6) . As the trace of the matrix is constant the sum of the linewidths of the two perturbed levels ͑7.6 GHz͒, equals the sum of ⌫ E and ⌫ k , and can hence be determined with high accuracy.
IV. DISCUSSION AND CONCLUSION
The E -X(1,0) band has been reinvestigated in a high resolution 1VUVϩ1UV resonance enhanced two-photon ionization study using a Fourier-transform limited laser tunable near 105 nm. By the method of calibration with respect to an accurate wavelength standard the transition frequencies of the CO resonances could be determined with an absolute accuracy of 0.003 cm Ϫ1 . The data, including the energy levels that are perturbed up to 1.5 cm Ϫ1 , can be represented to this level of accuracy by a model involving a spin-orbit interaction between the E 1 ⌸, vϭ1 and k 3 ⌸, vϭ6 states. It is for the first time that rotational lines probing both ͑e͒ and ͑f ͒ parity components are fully resolved and that line broadening parameters, associated with predissociation, are determined for each rotational quantum state. The previously obtained quantitative information on the phenomenon of accidental predissociation in the E 1 ⌸, vϭ1 state, by Baker et al. 13 and by our group, 22 was indirect and less accurate. The nature of the accidental perturbation causing both shifts and line broadening was discussed previously. The k 3 ⌸ and E 1 ⌸ states differ by more than one orbital, but the spinorbit-interaction between k and E states is nevertheless made possible by configuration interaction, 15 the details of which are not fully understood so far.
Both the E 1 ⌸, vϭ1 state and the k 3 ⌸, vϭ6 state undergo overall predissociation, resulting from coupling to repulsive states; for this reason independent parameters ⌫ E and ⌫ k are determined in the experiment. It was assumed that the interaction of the E 1 ⌸ and k 3 ⌸ states with the continua gives rise to a J-independent interaction with continuum states. For the E 1 ⌸, vϭ1 state this is certainly a valid assumption in view of the results as displayed in Figs. 11-13 . For the k 3 ⌸, vϭ6 state the situation would be less clear if only the results on a single isotopomer are considered; then the interaction is only at a few rotational lines. But if the data on all six isotopomers are included, with perturbations at almost all rotational levels, a consistent analysis can only be performed when the interaction between the k 3 ⌸ state and the perturbing continua is taken as J independent as well. 40 The E 1 ⌸ state has a 3 p Rydberg orbital, comparable to the 4p orbital in the L 1 ⌸, vϭ0 state, but here the predissociation rate is found to be independent of J ͑except for the accidental predissociation effects͒. The latter effect indicates a homogeneous coupling with a continuum of the same symmetry; hence we postulate that the E state is predissociated by the dissociative 1 ⌸ state. Possibly the continuum of the bound A 1 ⌸ state plays a role as well. After an ab initio calculation, Hiyama et al. 38 shifted the absolute energy of the repulsive 1 ⌸ potential somewhat, based on a comparison with experimental findings of Komatsu et al. 42 The dissociative 1 ⌸ state indeed crosses the E-state potential; further calculations on the crossing between these states may establish the predissociation rates and values for ⌫ E , including their isotope dependence, as found in the present study. These calculations should also reproduce the larger rate of predissociation in the E 1 ⌸, vϭ2 state and the smaller rate for E 1 ⌸, vϭ0. 2 Ebata and co-workers 43 have recently shown that the situation is even more complicated in observing that predissociation of singlet states via the triplet channel plays a role as well.
O'Neil and Schaefer 18 have also calculated potential curves of 3 to a an anticrossing in the adiabatic picture. It is feasible that predissociation of the k 3 ⌸ state is an effect of tunneling through the potential barrier, formed by the two interacting 3 ⌸ states. This might explain the isotopic dependence of the predissociation rates ⌫ k . The tunneling rate for the heavier isotopomers is lower because of the higher mass and the lower energy in the potential well.
The 18 O we find perfect agreement, while for the main isotopomer there is some discrepancy, although the values do match within 2 uncertainty. It should be realized further that in the time-domain measurements no distinction was made between rotational levels and that probably the lowest eight rotational states were populated in the effusive molecular beam. In 13 C
18
O there is a resonance at the very lowest rotational levels, as presently found; these levels give only a minor contribution to the signal in the direct decay measurements.
As for the astrophysical implications the predissociation yield, i.e., the probability of dissociative decay upon photoexcitation, is of importance. The predissociation yield pre is given by pre ϭ1ϪA rad , where is the lifetime and A rad is the radiative decay rate, summed over all possible radiative decay channels. In a previous paper Cacciani et al. 23 O a lower value was found, in accordance with the smaller value of ⌫ E for this isotopomer. One result of the present study is that the actual predissociation rate, and therewith also the predissociation yield varies with rotational quantum number. Specifically for 13 C 18 O there is an increased predissociation for Jϭ1 and Jϭ2 levels. For the low temperatures in interstellar media ͑ranging from 3 to 50 K͒ the effective predissociation yield for 13 
C
18 O is much higher than calculated from ⌫ E , due to the accidental resonance. In this laser spectroscopic study we will not elaborate further on the astrophysical implications. Suffice it to mention that the predissociation yields can be calculated for each quantum state of each of the six isotopomers, from the molecular parameters presented here.
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